Hox genes encode evolutionarily conserved transcription factors, providing positional information used for differential morphogenesis along the anteroposterior axis. Here, we show that Drosophila Hox proteins are potent repressors of the autophagic process. In inhibiting autophagy, Hox proteins display no apparent paralog specificity and do not provide positional information. Instead, they impose temporality on developmental autophagy and act as effectors of environmental signals in starvationinduced autophagy. Further characterization establishes that temporality is controlled by Pontin, a facultative component of the Brahma chromatin remodeling complex, and that Hox proteins impact on autophagy by repressing the expression of core components of the autophagy machinery. Finally, the potential of central and posterior mouse Hox proteins to inhibit autophagy in Drosophila and in vertebrate COS-7 cells indicates that regulation of autophagy is an evolutionary conserved feature of Hox proteins.
INTRODUCTION
The building of an organism requires the deployment of cellular processes that needs to be coordinated in space and time. Developmental genes, such as the Hox genes, that are differentially expressed along the antero-posterior (A-P) axis are known to provide positional information (Mann et al., 2009; McGinnis and Krumlauf, 1992; Merabet et al., 2009; Pearson et al., 2005) . Hox genes are clustered on the chromosomes in complexes, Antennapedia (ANT-C) and Bithorax (BX-C) complexes in Drosophila, providing the bases for global epigenetic regulation by Polycomb and Tritorax group proteins that, respectively, convey stable repression or stable expression of Hox genes. Differential expression is key to Hox gene function and obeys spatial colinearity, whereby the anterior limit of expression of each Hox gene corresponds to the position of the gene within the complex. Thus, whereas posterior regions sum expression of most Hox genes, more anterior regions progressively express fewer Hox genes located more 3 0 in the Hox complexes. These nested expression patterns are key to A-P patterning as, according to the ''posterior prevalence'' rule (Duboule and Morata, 1994) , posterior Hox genes functionally prevail over anterior ones when coexpressed. Hox genes encode homeodomain (HD)-containing transcription factors that act by regulating large numbers of downstream target genes. As well as controlling regulatory proteins, such as transcription factors or components of signaling pathways, they also locally induce/repress or modulate basic cellular processes, ultimately driving differential morphogenesis along the A-P axis (Graba et al., 1997; Hueber and Lohmann, 2008) .
Basic cellular processes, however, also need to be temporally controlled. Autophagy constitutes an interesting paradigm for the temporal regulation of a basic cellular process. It consists of sequestering cytoplasmic components and organelles into specific double-membrane vesicles called autophagosomes and fates them for degradation by the lysosomal system. Autophagy is a process that is conserved in all eukaryotes, occurs in a wide range of cell types, and plays important functions in a variety of biological processes, such as response to starvation, growth factor deprivation, aging, elimination of damaged organelles, and cellular and tissue remodeling during animal development (He and Klionsky, 2006; Hubbard et al., 2012; Mizushima, 2009) . Autophagy is associated to many human diseases (neurological disorders, myopathies, obesity, diabetes, and cancers) and is an important cellular self-defense mechanism against pathogen infection (Hubbard et al., 2012; Lavallard et al., 2012; Lorin et al., 2013; Meijer and Codogno, 2008; Sridhar et al., 2012) .
Temporal regulation of autophagy is key to its function. Genetic studies in the fly model indicate that autophagy is developmentally programmed and essential for normal Drosophila development (Baehrecke, 2002; Juhá sz et al., 2003) . Autophagy is activated in several larval tissues, including fat body, salivary gland, midgut, and trachea. This allows the degradation and recycling of cellular materials permitting tissue remodeling, leading to the transformation of larvae into adult flies (Bergmann, 2007) . Study in the fat body showed that the ecdysone hormone, which plays a central role in the coordination of developmental progression in holometabola insects, induces developmental autophagy by inhibiting the Akt/PI3K pathway (Rusten et al., 2004) . Under normal conditions, this occurs in the second half of third instar, when larvae stop feeding and, in laboratory conditions, leave the bottom of the tube to crawl over the food-free part of the culture tube. While genetically programmed, autophagy can also be induced by environmental cues, such as nutrient deprivation sensed by the evolutionary conserved Insulin Receptor signaling (InR)/Target of Rapamycin (TOR) pathways.
In this study, we investigated the function of Drosophila Hox genes in the fat body and found that they act as potent and temporal regulators of autophagy.
RESULTS

Hox Gene Expression in the Fat Body Suggests Unusual Nonspatial Functions
An earlier report showed that Hox genes of the BX-C complex Ultrabithorax (Ubx), abdominalA (abdA), and AbdominalB (AbdB) are expressed in the larval fat body (Marchetti et al., 2003) . To further investigate Hox expression in third-instar larvae, we stained full fat bodies using antibodies against Deformed (Dfd), Ubx, and AbdB, respectively, taken as representatives of anterior, central, and posterior Hox genes. Expression of Dfd was restricted to the most anterior part of the fat body, in accordance with its usual expression in anterior body parts in other tissues ( Figure 1A ). More unusual were the distribution of Ubx and AbdB that spread over the entire fat body, including the most anterior region where Dfd is expressed. (B) Hox gene expression followed by immunostaining in the fat body of L3F and L3W larvae. In L3F stage, but not L3W stage, Dfd, Ubx, and AbdB are expressed and accumulate in the nuclei. (C) Forced maintenance of Hox gene expression in L3W larvae by clonal UAS-driven expression. Maintenance of Dfd, Ubx, or AbdB in L3W stage inhibits developmental autophagy. (D) Clones expressing Ubx display reduced size of LysoTracker-Red-marked granules. (E) Electron microscope images of control larval fat body cells (top panel) or larval fat bodies with forced (cg-Gal4) Ubx expression in L3W stage (middle panel: 4.5-day-old larvae; lower panel: 11-day-old larvae). cg-Gal4-driven Ubx expression reduces the number and size of autophagy structures (A) and inhibits the formation of autolysosomes (AL) and glycogen storage (G), whereas not affecting lipid droplets (LD). In 11-day-old UAS-Ubx animals, very few and small autophagy structures were observed. Clones allowing forced UAS-driven expression (C and D) were identified by GFP expression and delineated by dashed lines. Quantifications of the number (N) and size (S) of mCh::Atg8a (C) or LysoTracker-Red-positive granules (D), taken as measure of autophagy, are given on the left of (C), (D), and (E). % in these panels refers to the ratio of autophagy activity in GFP-positive and neighboring GFP-negative cells, and the error bars represent the SEM. See also Figure S1 . (legend continued on next page)
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Hox-Mediated Control of Autophagy Although overlapping expression of Hox genes is not unusual, sharing the same anterior limit is. Most striking is the observation that the most anterior regions of the fat body express the most posterior Hox gene AbdB. Taken into account the posterior prevalence, this suggests that the larval fat body likely displays little A-P differentiation (at least Hox-dependent) and that Hox proteins may serve functions other than delivering spatial coordinates in the larval fat body.
The Temporal Dynamics of Hox Gene Downregulation Coincides with the Onset of Developmental Autophagy
To start investigating Hox gene function in the fat body, we examined the temporal dynamics of Hox gene expression by focusing on the L3 feeding (L3F)/L3 wandering (L3W) transition, which, respectively, provides stages of pre-and postdevelopmental autophagy induction. Larval fat bodies from both stages were dissected and stained with antibodies against Dfd, Ubx, and AbdB. In L3F animals, these Hox proteins display strong nuclear accumulation ( Figure 1B ). In contrast, in L3W animals, they were no longer detected in fat body cells ( Figure 1B ). The same conclusion was reached for two additional Hox proteins tested, AbdA and Sex combs reduced (Scr) (Figure S1A available online), suggesting that in general Hox genes are downregulated at the L3F/L3W transition. A similar downregulation was also observed at the transcriptional level: monitoring the expression of a UAS-GFPnls reporter driven by Hox-Gal4 drivers (Ubx-Gal4, abdA-Gal4, or AbdB-Gal4) in L3F and L3W stages showed that Hox gene promoters are active in fat body cells in feeding, but not in wandering stage ( Figure S1B ). We concluded that the temporal dynamics of Hox protein accumulation coincides with the onset of autophagy, suggesting a role for Hox proteins in inhibiting autophagy.
Maintenance of Hox Gene Expression in L3W Animals Inhibits Developmental Autophagy in Fat Body Cells
Hox gene downregulation in the fat body correlates with the onset of developmental autophagy. To investigate if this downregulation is required for autophagy induction, we maintained the expression of Hox genes in L3W stage. This was done by clonally expressing Dfd, Ubx, AbdB ( Figure 1C ), and Scr or AbdA (Figure S1C ), using UAS-Hox transgenes. Clones were marked with a GFPnls reporter, and autophagy was monitored by the presence of mCherry::Atg8a-marked (mCh::Atg8a) granules (Neufeld, 2008) . Maintenance of Hox gene expression in L3W stage was confirmed by visualizing Hox proteins in clonal cells ( Figure S1D ). In such clones, no mCh::Atg8a-marked granules were observed (Figures 1C and S1C) and LysoTracker-Red-marked granules were significantly smaller than in surrounding control cells (Figure 1D) , indicating that forced maintenance of Hox proteins inhibits developmental autophagy. Clonal expression of the non-Hox HD-containing proteins Homothorax or Extradenticle in L3W stage do not inhibit autophagy, providing evidence for a Hox-specific effect in autophagy inhibition ( Figure S1E ).
To further confirm the role of Hox protein in inhibiting autophagy, we examined by electron microscopy the ultrastructural morphology of fat body cells in which developmental autophagy was inhibited. Ubx or AbdB were expressed in all fat body cells using the cg-Gal4 driver, and larvae were dissected after 4.5 days when the control larvae entered the wandering stage. Results showed a decrease in size and number of autophagosomes (A), and no autolysosomes (AL) were observed ( Figure 1E for Ubx; Figure S1F for AbdB). The size and number of lipid droplets (LD), mitochondria, and endoplasmic reticulum were normal. Interestingly, UAS-Ubx-expressing animals entered the wandering stage 6-7 days later than did control animals, suggesting that the forced maintenance of Hox expression leads to developmental delay. In such 11-day-old animals, only very few and small autophagy structures formed ( Figure 1E ), indicating that Hox-mediated autophagy inhibition is potent over a long time period.
Brahma Complex-Induced Hox Loss of Function Results in Premature Developmental Autophagy Hox gene expression patterns and gain-of-function experiments support a generic temporal function for Hox proteins in the fat body. This predicts that individual removal of Hox genes should not alter Hox-controlled developmental autophagy. Consistent with this prediction, clonal RNAi-mediated inactivation of single Hox genes (see the Experimental Procedures), including Dfd, Scr, Ubx, abdA, or AbdB, do not result in premature autophagy induction ( Figure S2A ). We next investigated if combining simultaneous loss of several, but not all, Hox genes would impact autophagy timing. This was achieved by generating mitotic clones using available recombinant chromosomes bearing multiple Hox mutations, including a chromosome mutant for abdA and AbdB, or a chromosome mutant for Scr, Antp, Ubx, abdA, and AbdB. In both cases ( Figure S2B ), no premature autophagy induction was seen, suggesting that the remaining Hox genes (Dfd, pb, and lab) were sufficient for autophagy inhibition. We concluded that removing five of the eight Drosophila Hox genes does not alter timing of autophagy, suggesting that autophagy induction can only be achieved following global loss of Hox gene function.
The Trithorax group Brahma (Brm) complex mediates epigenetic and global gene expression maintenance at Hox complexes, including at the Drosophila ANT-C and BX-C (Tamkun et al., 1992) . Although this was established in all tissues examined, it has not formally been shown in the fat body. To address a likely global Hox gene regulation by the Brm complex in the fat body, we examined the impact of brm inactivation on the expression of BX-C gene products Ubx, AbdA, and AbdB. This was achieved by clonal RNAi-mediated gene inactivation in L3F fat bodies. Results showed that L3F fat body cells lacking Brm function fail to express Ubx, AbdA, and AbdB (Figure 2A ). Further supporting that Brm is also required for proper Hox gene maintenance at the ANT-C complex, we found that Dfd expression (E) Clonal RNAi-mediated inactivation of brm or osa in fat body cells of L3W larvae blocks the induction of developmental autophagy in the presence of Ubx. Quantifications of the number (N) and size (S) of mCh::Atg8a-positive granules, taken as measure of autophagy, are given on the left of each panel. % refers to the ratio of autophagy activity in GFP-positive and neighboring GFP-negative cells. Error bars represent SEM. In all panels, clones allowing forced UAS-driven expression of Hox were identified by GFP expression and delineated by dashed lines. See also Figure S2 .
is also lost following clonal brm inactivation ( Figure 1A ). RNAimediated silencing of other Brm complex components osa and moira also results in loss-of-Hox gene expression, as illustrated for Ubx ( Figure 2B ). These data show that, as in embryos and other larval tissues previously examined (Beck et al., 2010; Diop et al., 2008) , global maintenance of Hox gene expression in the fat body is mediated by the Brm complex.
Next, we investigated if impairing the activity of Brm or Brm complex components Osa ( Figure 2C ) or Moira ( Figure S2C ) results in the loss of autophagy inhibition in L3F larvae. Monitoring autophagy in such conditions showed appearance of mCh::Atg8a-positive granules in L3F animals, indicative of premature autophagy induction ( Figures 2C and S2C ). Given the role of Brm complex in the global maintenance of Hox gene expression and the inability to induce premature autophagy even by removing several Hox genes, autophagy induction following Brm inactivation or inactivation of Brm complex components suggests that global loss of Hox gene expression is required for impairing autophagy inhibition. This predicts that forcing expression of a single Hox gene, while simultaneously impairing Brm complex activity in L3F larvae, should restore autophagy inhibition. Inactivation of brm in cells clonally maintaining Ubx expression does not induce autophagy in L3F stage ( Figure 2D ). Consistent with this, inactivation of brm or osa in L3W larvae, while maintaining Ubx expression, also inhibits autophagy ( Figure 2E ). Monitoring transgene-driven expression of Ubx in cells clonally impaired for Osa activity through RNAimediated gene inactivation further showed that rescue of Brahma complex-induced defects in autophagy control is achieved at a physiological Ubx level ( Figure S2E ). We thus concluded that global loss of Hox genes in fat body cells, as induced by brm mutation or mutation of Brm complex components, results in the loss of autophagy inhibition.
Temporal Dynamics of Pontin in the Fat Body Correlates with Loss of Brahma-Mediated Hox Gene Maintenance
Whereas Brm, Osa, and Moi were found in multiple biochemically purified Brm complexes, Pontin (Pont), a recently described member of the Brm complex required for maintenance of Hox genes in imaginal discs, is present in only one of them (Diop et al., 2008) . This suggests that Brm, Osa, and Moi are constitutive components, whereas Pont may function as a nonobligatory and accessory protein of Brahma complexes. The temporal dynamics of the L3F/L3W transition of Osa, as a representative of constitutive components, and those of Pont were investigated. Osa was found both in feeding and wandering stages, whereas nuclear Pont present in feeding stage disappears in wandering stage ( Figure 3A ). Further confirming the accessory status of Pont, depletion of Pont in L3F animals does not alter nuclear Osa accumulation, whereas depletion of Brm does ( Figure 3B ).
Impairing the activity of pont by RNAi-mediated gene silencing leads to the premature induction of autophagy and the loss of Ubx, AbdA, and AbdB expression in clonal cells (Figures 3C and 3D) in feeding animals, suggesting that Pont is part of the Brm complex that globally maintains Hox gene expression at the BX-C and ANT-C complexes in the fat body. Consistent with this, overexpression of a dominant-negative form of Pont also results in premature autophagy induction ( Figure 3C ).
To investigate if loss of Hox genes is required for Pont-induced premature autophagy, as shown for brm and osa, Ubx expression was maintained in clonal cells that at the same time are deprived for Pont in L3F animals ( Figure 3E ). Results showed that in this situation, no premature autophagy occurred, indicating that Ubx expression is sufficient to restore pont-RNAi-induced defects of autophagy inhibition. Monitoring transgene-driven expression of Ubx in cells clonally impaired for Pont activity through RNAi-mediated gene inactivation further showed that restoration of proper autophagy control is achieved at a physiological level of Ubx ( Figure S3 ). This supports that loss of Hox gene expression is required for pont-RNAi-induced loss of autophagy inhibition.
Taken together, these data indicate that when the constitutive Brm complex components and the accessory component Pont are simultaneously present, as is the case in L3F fat body cells, Hox gene expression is properly maintained. The loss of Pont at the L3F/L3W transition likely results in the change in Brm complex composition, impacting on its ability to maintain Hox gene expression. Thus, in third instar, the early (L3F), but not late (L3W), participation of Pont to Brahma complex is likely responsible for the temporal on/off expression pattern of Hox genes.
Ecdysone Controls Hox and Pont Temporal Dynamics
The timing of developmental autophagy that occurs in the late L3 stage is under the control of ecdysone (Rusten et al., 2004) . Accordingly, developmental autophagy can be delayed by inactivating the ecdysone pathway and can be prematurely induced by administration of the steroid molting hormone 20-hydroxyecdysone (20-OHE) (Rusten et al., 2004; Sass et al., 1983; Sass and Ková cs, 1977) or of the nonsteroidal ecdysone agonist, RH 5849 (Rusten et al., 2004) .
To investigate if ecdysone signaling impacts on Hox expression, dominant-negative forms of the ecdysone receptor (EcRDN W650A or EcRDN W650A.d655 ) were clonally expressed in L3W animals. In clonal cells, autophagy is strongly inhibited, whereas surrounding cells, where ecdysone signaling is potent, display active autophagy ( Figure 4A ). Analysis of Ubx and AbdB expression in these EcRDN clonal cells further shows inappropriate maintenance of Hox gene expression ( Figure 4B ).
Next, we examined if premature activation of ecdysone signaling also impacts on Hox gene expression. L3F animals clonally expressing Ubx were treated with the RH 5849 ecdysone agonist and examined for autophagy induction. The presence of mCh::Atg8a-marked granules showed that RH 5849 treatment induces autophagy ( Figure 4C ) and that the induction of autophagy is associated with the loss of Ubx expression (Figure 4D) . However, in cells in which Ubx expression is maintained, RH 5849 treatment fails to induce autophagy ( Figure 4C ). Treating L3F larvae with the steroid hormone 20-OHE also induces premature autophagy (Tian et al., 2013) . Such a treatment results in loss of Ubx expression, whereas blocking ecdysone signaling through clonal expression of EcRDN W650A restores Ubx expression ( Figure 4E ). Together, these results support that downregulation of Ubx in fat body cells at the time of developmental autophagy induction occurs in response to ecdysone signaling.
As Pont downregulation correlates with the timing of ecdysone signaling activation and the loss of Hox gene maintenance, we
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Hox-Mediated Control of Autophagy examined if ecdysone signaling controls the temporal dynamics of Pont expression. This was investigated by examining the expression of Pont after treatment of L3F larvae with the steroid hormone 20-OHE, whereas clonally blocking reception of the ecdysone signal by expression of the EcRDN W650A ( Figure 4F ). 20-OHE treatment, described to induce premature autophagy (Tian et al., 2013) , also induced premature loss of Pont expression. By contrast, cells that express the EcRDN receptor and that therefore are unable to sense the ecdysone signal, maintained Pont expression. We therefore conclude that ecdysone signaling controls the temporal dynamics of Pont and Hox gene expression in fat body cells.
Starvation-Induced Autophagy Also Requires Hox Downregulation
It was previously shown that starvation induces autophagy in L3F larvae, prior to the onset of developmental autophagy (Scott et al., 2004) . If Hox gene downregulation is a general prerequisite for induction of autophagy, starvation-induced autophagy in L3F stage should be accompanied by loss of Hox protein expression. Figure S3 .
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Hox-Mediated Control of Autophagy To investigate Hox protein dynamics during starvation, Ubx expression was monitored following 1, 3, and 5 hr of starvation by transferring L3F animals to amino acid-free medium. Results showed a regular decrease in Ubx protein level, with no detectable expression after 5 hr of starvation ( Figure 5A ). Monitoring the dynamics of autophagy induction with mCh::Atg8a during starvation at the same time showed that autophagy is strongly induced after 5 hr of starvation ( Figure 5A ). This result suggests that, like developmental autophagy, starvation-induced autophagy also requires Hox gene downregulation. The functional requirement of Hox protein clearance for starvation-induced autophagy was addressed by clonally forcing the expression of Ubx, AbdB ( Figure 5B ), or Scr ( Figure S4 ) in 5 hr long starved feeding animals. Results showed that autophagy does not occur in clones expressing Hox proteins, whereas surrounding cells lacking Hox proteins contain mCh::Atg8a-marked granules. Taken together, these results indicate that Hox proteins are inhibitors of starvation-induced autophagy.
The InR and TOR pathways are central sensors of energy and nutrients and were shown to be key upstream regulators of autophagy (Grewal, 2009; Neufeld, 2010; Shigemitsu et al., 1999) . The requirement of Hox protein clearance for starvation-induced autophagy suggests that the InR and dTOR (Drosophila TOR) pathways may impact Hox proteins. This was tested by monitoring Ubx after alteration of the activity of the InR or dTOR pathways. InR signaling was inactivated in L3F animals, either by clonal expression of a dominant-negative form of PI3K kinase (Dp110) or by clonal RNAi-mediated inactivation of Akt, a more 
Hox-Mediated Control of Autophagy downstream kinase of the InR pathway. Results showed that InR pathway inactivation, which results in autophagy induction, is associated with loss of Ubx expression ( Figure 5C ). Surrounding cells in which InR signaling was not inactivated do not show autophagy induction and express Ubx. TOR signaling was clonally inhibited by RNAi-mediated inactivation of raptor, which encodes a regulatory-associated protein of dTOR. As it was the case for inactivation of InR signaling components, inhibiting TOR activity results in clonal induction of autophagy and loss of Ubx ( Figure 5C ).
To investigate the functional importance of Ubx expression status downstream of the InR and TOR pathways, we followed autophagy induction in L3F animals treated with rapamycin, a specific inhibitor of TOR kinase and inducer of autophagy (Cutler et al., 1999; Neufeld, 2003) , and in which Ubx expression was clonally maintained ( Figure 5D ). In these experiments, examination of nonclonal cells showed that rapamycin efficiently induces autophagy and that this induction is associated with Ubx downregulation ( Figure 5D ). In contrast, forced expression of Ubx in clonal cells blocks rapamycin-induced autophagy ( Figure 5D ). These results highlight the requirement of Ubx downregulation for autophagy induction following TOR pathway inhibition.
Starvation induces Hox protein clearance ( Figure 5A ), whereas clonal forced expression of a single Hox protein, regardless of its identity ( Figures 5B and S4) , blocks starvation-induced autophagy, suggesting a similar regulatory path than for developmental autophagy. To investigate if loss of Hox gene expression following starvation-induced autophagy relies on Pont downregulation, we investigated if starvation-induced changes in Ubx expression result from changes in Pont expression. The impact of nutrient deprivation on Pont was investigated by quantitative RT-PCR (qRT-PCR) analysis of pont transcript level in fat body cells ( Figure 5E ). Results showed that the level of pont expression significantly decreases following starvation. A decrease in pont expression was also observed following ubiquitous RNAimediated inactivation of raptor in fat body cells. As was the case for ecdysone-regulated developmental autophagy, these results support that InR/dTOR-mediated downregulation of Pont allows global loss of Hox protein expression, which is required for starvation-induced autophagy.
Hox Temporal Dynamics Impact on Atg and Autophagy Gene Expression
To start to address how Hox genes control autophagy, we asked whether DNA binding of Hox proteins is required for autophagy inhibition. We used a variant form of Ubx (Ubx Q50A ), where the residue at position 50 in the HD essential for DNA binding was mutated. Clonally expressing this DNA-binding deficient Ubx variant in L3W animals abolishes the ability of Ubx to inhibit autophagy ( Figure 6A ), suggesting that the impact of Ubx on autophagy is at the level of the transcriptional regulation of genes required for autophagy.
To further explore how Hox genes control autophagy, we focused on the expression of Atg genes (AuTophaGy genes) that encode proteins of the core autophagy molecular machinery and are essential for autophagosome formation, elongation, and their fusion to lysosomes (Atg1, Atg2, Atg3, Atg4, Atg5, Atg6, Atg7, Atg8a, Atg8b, Atg9, Atg12, Atg13, Atg14, Atg16, Atg17, and Atg18) (Yang and Klionsky, 2010), as well as additional genes known for their involvement in autophagy (Vps15, Vps34, ESCRT, Rubicon, SNARE, and UVRAG). We reasoned that genes potentially regulated by Hox genes at the time of developmental autophagy induction should display changes in expression at the L3F/L3W transition. The expression of this panel of 22 genes was analyzed by qRT-PCR, both in L3F and L3W stages. Results showed that, with the exception of four genes (Atg4, Atg16, Vsp15, and Vsp34) , all showed a significant increase of expression in L3W stage ( Figure 6B) .
By qRT-PCR, we next analyzed the expression of the 18 genes that showed upregulation in animals in which Ubx expression was maintained in L3W stage by combining a cg-Gal4 driver with the UAS-Ubx transgene. Over the panel of genes analyzed, three genes did not show significant changes in expression level (Atg2, Atg9, and SNARE); one showed an increase in expression level (Atg6); and the vast majority (15) showed a decrease in expression levels ( Figure 6C ). These results indicate that Ubx broadly represses genes required for autophagy, consistent with its role in autophagy inhibition.
Next, we investigated if another Hox gene, AbdB, similarly impacts autophagy-related gene regulation ( Figure S5 ). Results showed that among the 15 genes downregulated by Ubx, six were also significantly repressed by AbdB. Thus, whereas some specificity in autophagy gene regulation by Hox genes exists, Hox genes share the property to repress them with a significant overlap. As in the case for Ubx, the gene that shows the strongest dowregulation is Atg8b.
Maintaining Hox gene expression in L3W stage represses a large number of genes required for proper autophagy. This suggests that Hox loss-of-function in L3F stage, at a time when Hox genes are normally expressed and repress autophagy, should result in upregulation of autophagy genes. This was tested by exploring the expression of Atg8b that was most strongly repressed in the gain-of-function experiments by Ubx and AbdB. RNAi gene inactivation of osa or pont through cg-Gal4 expression in fat body cells of L3F animals results in strong upregulation of Atg8b (Figure 6D ), further supporting a role for Hox genes in repressing autophagy genes.
The Potential of Hox Proteins to Inhibit Autophagy Is Conserved in Vertebrates
Our work highlights a generic, paralog-shared role of Hox proteins in inhibiting autophagy. We next questioned if Hox inhibition of autophagy is evolutionary conserved in vertebrates. Two mouse Hox proteins, the central HoxB8 and posterior HoxA9 proteins, belonging to distant paralog groups were tested. Transgenes were established, and heterologous expression in Drosophila was driven under UAS control, following the same clonal experimental design as that used for expressing Drosophila Hox proteins. The impact on autophagy was monitored by the mCh::Atg8a marker. Like Drosophila Hox proteins, mouse proteins were found to inhibit autophagy ( Figure 7A ). To further address if HoxB8 and HoxA9 also inhibit autophagy in vertebrate cells, the potential of these proteins to inhibit starvation-induced autophagy in COS-7 cells was assessed. Both HoxB8 and HoxA9 were found to efficiently repress autophagy, impacting both the number and size of LC3-positive granules ( Figure 7B ). We conclude that Hox-mediated autophagy inhibition and its generic nature are evolutionary conserved.
Developmental Cell
Hox-Mediated Control of Autophagy (legend continued on next page)
Hox-Mediated Control of Autophagy
DISCUSSION
Autophagy is a cellular process whose induction or inhibition involves multiple levels of regulation, including developmental signals conveyed by the steroid hormone ecdysone, and envi-ronmental signals, sensed in the case of amino acid starvation by the InR/dTOR pathways. These regulatory paths do not act independently but seem rather to be interconnected as illustrated by developmentally induced ecdysone-mediated autophagy that acts by repressing the inhibitory function of the 
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Hox-Mediated Control of Autophagy InR pathway (Rusten et al., 2004) . This indicates that whereas upstream control is distinct, downstream control may be common. Here, we show that Drosophila Hox proteins are potent inhibitors of autophagy, with a potent and equivalent impact on both developmental and starvation-induced autophagy, and establish that both converge in the regulation of Hox gene expression. This highlights Hox genes as central regulators of autophagy, acting as a node for mediating autophagy inhibition. In regulating autophagy, Hox proteins act at least through regulation of Atg genes and other autophagy genes. Consistent with a direct transcriptional effect of Hox proteins in controlling Atg genes, we found that Ubx DNA binding is essential for autophagy inhibition, whereas Choo et al. (2011) have previously shown that Ubx associates to genomic regions immediately adjacent to Atg5 and Atg7 genes.
A key aspect underlying Hox-mediated autophagy control is the regulation of Hox gene expression, where Hox downregulation induces autophagy. This aspect is true for both developmental-and starvation-induced autophagy, where the dynamics of Hox proteins respond to ecdysone (developmental autophagy) and to InR/dTOR (starvation) signaling. Signals mediating changes in Hox gene expression result from changes in the expression of Pont, a facultative component of the Brm com- plex known to act as a global and positive regulator of Hox genes (Armstrong et al., 2002; Diop et al., 2008) . Although not establishing changes in Brm complex composition at the L3F/L3W transition, the dynamics of Pont expression suggest that a Pont-depleted Brm complex loses its ability to maintain the expression of Hox genes, resulting in the release of Hox-mediated inhibition of autophagy. Hox proteins are widely described as providing spatial information required for differential morphogenesis along the A-P axis, within which they largely display paralog-specific activities. However, in regulating autophagy, Hox function is distinct. First, it appears to be generic, with all Hox proteins tested providing inhibitory activity. The need to alleviate global Hox gene function (achieved here by impairing the activity of the Brm complex) in order to induce autophagy, further supports their redundant function in inhibiting autophagy. Second, they provide temporal, instead of spatial, information, mediating the temporality of developmental autophagy downstream of ecdysone signaling. Third, in the case of starvation-induced autophagy, Hox genes respond to the InR/dTOR pathways, acting as environmental effectors.
Investigating the evolutionary conservation of Hox-mediated inhibition of autophagy by exploring the activity of mouse Hox proteins in Drosophila fat body cells as well as in vertebrate COS-7 cells indicates that vertebrate Hox proteins also act as potent autophagy inhibitors. Further studies in vertebrate cells should frame their activity to the multiple physiological and pathological situations that involve autophagy and allow for deciphering the molecular modalities of their regulatory roles.
In summary, our findings broaden the framework of Hox protein functions, showing that besides providing spatial information during development, they also coordinate temporal processes and, more surprisingly, act as mediators of environmental signals for autophagy regulation.
EXPERIMENTAL PROCEDURES
Fly Stocks
For Hox gain-of-function experiments, the following lines were used: UAS-Ubx::HA (Tour et al., 2005) , UAS-AbdBm::HA (Castelli-Gair et al., 1994) , and UAS-AbdA::HA, UAS-Dfd::HA and UAS-Scr::HA (Y.G., unpublished data). For testing transcription at Hox loci, abdA-Gal4 (Hudry et al., 2011), AbdB-Gal4 and Ubx-Gal4/TM6 (de Navas et al., 2006) , and UAS-GFPnls were used. FRT82B Scr C1 Antp NS+RC3 Ubx MX12 abdA M1 AbdB M8 line (a gift from S. Kerridge), FRT82B abdA M1 AbdB M8 (Casanova et al., 1987) yw,hs-Flp;r4-mCherry::Atg8a;Act>CD2>GAL4,UAS-GFPnls and hsFLP; cg-GAL4/+; UAS-mCh::Atg8a FRT82B UAS-GFPnls (gift from T. Neufeld) lines were used to generate mitotic clones. UAS-Dp110DN line was established and published by Leevers et al. (1996) . cg-Gal4; TM3/TM6; UAS-GFPnls, UAS-EcRDN W650A , UAS-EcRDN dC655.W650A , UAS-Akt-RNAi (BL8191), UAS-raptor-RNAi (BL31528), UAS-AbdB-RNAi (26746), UAS-abdA-RNAi (BL28739), UAS-Ubx-RNAi (BL31913), UAS-Scr-RNAi (BL28676), and UAS-Dfd-RNAi (BL26751) stocks were provided by the Drosophila Bloomington Stock Center. CyO/Bc and cg-Gal4>UAS-mCh::Atg8a lines were gifts of G. Juhasz.
The following UAS-RNAi lines were obtained from the Vienna Drosophila Stock Center: GD37721 (Brm), GD7810 (Osa), KK110712 (Moi), KK105418 (Pont), and KK103703 (Akt). UAS-HoxB8 and UAS-HoxA9 lines were generated by P-mediated germline transformation. The coding sequence of mouse HoxB8 and HoxA9 was PCR amplified and cloned into pUAST-HA vector. Constructs were sequence verified prior to the establishment of transgenic lines.
Flip-Out Expression of UAS Constructs and Mitotic Clones and
Quantitation of Autophagy UAS-RNAi or UAS-Hox males were crossed to yw,hs-Flp;r4-mCherry:: Atg8a;Act>CD2>GAL4,UAS-GFPnls females. After 2 days, crosses were turned into a new tube and kept for 1 day for egg laying at room temperature. Thereafter, tubes were incubated at 29 C for 3 days. Leaky expression of the heat-shock inducible Flp leads to random ''flip out'' of the CD2 cassette from the Gal4 promoter, activating it in a few clonal fat body cells. Gal4 in turn drives the expression of UAS-driven transgenes and GFPnls, allowing the identification of cellular clones, for which gain-of-function or gene inactivation is achieved. mCherry-marked Drosophila Atg8a (mCh::Atg8a) was used for tracing autophagy activity.
Quantification of autophagy was performed as follows. Image type was changed from RGB color to RGB stack in ImageJ. Threshold was adjusted to select dots for the red channel, and identical areas were chosen randomly in clones and neighboring control cells. Selected areas were analyzed (analyze particles, show, masks), and the counts and average sizes were noted from the summary of masked images. At least eight images from 5-10 animals were quantified for each genotype. The number/size data were summarized in Excel and normalized to control (average dot number and size of control cells were set to 100%).
Scr C1 Antp NS+RC3 Ubx MX12 abdA M1 AbdB M8 line and abd M1 AbdB M8 mutant mitotic clones were generated by FRT/FLP-mediated mitotic recombination by using the hsFLP;cg-Gal4/+;UAS-mCh::Atg8a FRT82B UAS-GFPnls line (Juhasz and Neufeld, 2008) .
Starvation Experiments and Treatment with Ecdysone Agonist, 20-OHE, or Rapamycin Flies were kept on standard fly food. For starvation experiments, larvae were grown in 20% sucrose medium at room temperature for 5 hr (starved animals). For fed controls, the 20% sucrose was supplemented with corn flour and with yeast granules shortly boiled in a microwave oven. For ecdysone agonist or rapamycin treatments, L3F yw larvae were incubated for 5 hr with RH 5849 ecdysone agonist at 1 ng/ml (from Rohm and Haas) (Wing et al., 1988) or for 8 hr with rapamycin (Sigma) at 3 mM or with 20-OHE (Sigma) at 0.1 mg/ml (Sigma).
LysoTracker-Red Staining of Fat Body
The membrane permeant dye LysoTracker-Red labeling acidic organelles, such as lysosomes and autolysosomes, were used as a probe for autophagy (Munafó and Colombo, 2001) . Larval fat bodies were dissected in 0.01 M PBS, incubated for 3 min in 100 mM LysoTracker-Red DND-99 (Molecular Probes), diluted at 1:800, washed in PBS for 5 min, and then transferred in Vectashield medium (Vector) on glass slides.
Preparation of Samples and Imaging of Fixed Tissues
Larvae were dissected approximately 96-100 hr after egg laying (feeding stage/L3F). Larval fat bodies were fixed for 20 min in 3.6% formaldehyde-13 PBS (Sigma) and washed for 30 min in 13 PBS. Fixed fat bodies were moved on standard glass slides and mounted in Vectashield medium. Samples were imaged on a Zeiss AxioImager Z1 fluorescent microscope equipped with a Zeiss AxioCam MRm digital camera or on a Zeiss 510 meta confocal microscope. Pictures were edited with AxioVision 4.82 Version and Adobe Photoshop 7.0 Version.
COS-7 Cells Transfection and Starvation
COS-7 cells were cultured in GlutaMax Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS (Life Technologies) at 37 C with 5% CO 2 . For transfections, 4 3 10 5 cells were grown on acid-washed coverslips in six-well plates and transfected with 1 mg of either 3xFlag::HoxA9 (a gift from D. Wellik) or Flag::Hoxb8 (a gift from R. Rezsohazy). Twenty-four hours posttransfection, cells were starved through rinsing twice with Hank's balanced salt solution (HBSS) (Life Technologies), followed by 4 hr incubation in HBSS supplemented with 25 mM HEPES (pH 7) and 10% dialysed FBS. For unstarved conditions, cells were incubated for 4 hr in DMEM + 10% FBS. Dialysed FBS was prepared through dialysis (10 KDa MWCO) against 23 5 l HBSS for 24 hr at 4 C.
Following starvation (or not for controls), cells were rinsed in PBS and fixed for 10 min with 4% paraformaldehyde. After rinsing in PBS, excess formaldehyde was quenched with 30 mM glycine in PBS for 5 min. Cells were permeabilized for 10 min in À20 C methanol followed by 23 5 min washing in PBS. Following blocking for 1 hr with 10% FBS in PBS, cells were incubated with anti-LC3A (1:400; D50G8, Cell Signaling) and anti-Flag (1:500; M2, Sigma) overnight at 4 C. Following 33 5 min washes in PBS, AlexaFluor 488-coupled anti-rabbit (Invitrogen) and AlexaFluor 555-coupled anti-mouse (Invitrogen) secondary antibodies were added for 30 min. Images represent a projection of confocal Z-sections taken on a Zeiss LSM 510 confocal microscope.
Immunohistochemistry
Larval fat bodies were dissected in 0.01 M PBS/0.7% NaCl (Normapur), fixed for 1 hr under agitation in 4% formaldehyde-PBS (Sigma), and then washed for 10 min with PBS and 15 min in PBTX-DOC (PBS 0.1% Triton X-100, 0.05% Sodium Deoxycholate/DOC from Fluka). Samples were blocked in 1% BSA/ PBTX-DOC and incubated with primary antibody overnight. Samples were washed for 30 min in PBTX-DOC three times and incubated with secondary antibody (anti-species antibodies) for 1 hr, followed by 1 hr washing with PBTX-DOC and for 15 min PBS. The following primary antibodies were used: anti-AbdA (rabbit, 1:1,000, gift from M. Cappovilla), anti-Ubx (mouse, 1:50, FP3.38-DSHB), anti-Dfd (mouse, 1:100, gift from J. Mahaffey), anti-AbdB (mouse, 1:150, 1A2E9-DSHB), anti-HA (mouse, 1:200, 16B12-COVANCE), anti-Pont (1:100) (Diop et al., 2008) , and anti-Osa (mouse, 1:500, Developmental Studies Hybridoma Bank [DSHB]). All secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, Dianova, or Molecular Probes.
Transmission Electron Microscopy of Fat Bodies
Fat bodies of cg-Gal4>UAS-Hox, cg-Gal4>UAS-RNAi, or control cg-Gal4 animals were dissected and collected in ice-cold PBS, fixed in 3% sucrose/ 2% glutaraldehyde/1% formaldehyde/0.1 M (pH 7.4) cacodilate buffer for 1 hr at room temperature (RT), and washed in 3% sucrose/0.1 M cacodilate buffer for 23 30 min at RT. Samples were postfixed in 0.5% OsO4 for 1 hr (washed 23 5 min in DW) and 30 min in 2% uranyl-acetate, dehydrated in EtOH, and embedded in LR White resin (Fluka). Sections were cut and collected on nickel grids and stained in 4% aqueous uranyl-acetate for 6 min and lead citrate for 3 min. Images were recorded using a Jeol Jem-1011 transmission electron microscopy.
Quantitative RT-PCR Total RNA were extracted from 10 L3/feeding or 6 L3/wandering larvae with RNeasy Plus Universal Mini Kit (QIAGEN) and reverse transcribed with iScript Reverse Transcription Supermix (Bio-Rad). SYBR GreenER qRT-PCR Super-Mix (Invitrogen) and the following specific primers were used in qPCR reactions: All p values for comparing quantifications of qRT-PCR (n = 3) were calculated using a nonparametric Mann-Whitney test.
Establishment and Verification of Recombinant Double UAS Lines
The UAS-Ubx::HA line (on third) was crossed with UAS-brm-RNAi, UAS-osa-RNAi, or UAS-pont-RNAi lines. Males with dark-red eye color (indicative of the presence of the two mini w-marked transgenes) were subsequently crossed with females of Cyo/Bc or TM3/TM6 double balancer lines. Several double transgenic lines were established for each combination. Genomic DNA was isolated following the protocol of VDRC, and candidate recombinant lines were probed for the presence of both transgenes by PCR using one primer in the pUAST vector (UAS Left: tcctccgagcggagtactg) and one primer in the gene cloned in pUAST ( Figure S2D ). For Ubx, Ubx Right: tcctgttcgttcagctcctt was used; for brm, osa and pont, primers designed by VDRC were used.
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